Acetylcholine facilitates long-term potentiation (LTP) and long-term depression (LTD),
Introduction
Interest is growing in the mechanisms that modulate and possibly enhance synaptic plasticity and memory functions. Further stimulating this interest are efforts to address the problem of memory deficit, which occurs in the elderly and in association with degenerative diseases. Acetylcholine (ACh) and muscarinic activation enhance sensory processing, learning, and memory in humans and in experimental animals (Anagnostaras et al., 2003; Gais and Born, 2004) . The activation of muscarinic ACh receptors (mAChRs) directly modulates network dynamics by facilitating gamma oscillations (Fisahn et al., 2002; Rodriguez et al., 2004) and reducing the variance of rate responses to sensory stimuli in the visual cortex (Rodriguez et al., 2010) . Activation of mAChRs in the hippocampus and the neocortex (Markram and Segal, 1990; Huerta and Lisman, 1995; Auerbach and Segal, 1996; Kirkwood et al., 1999) facilitates long-term potentiation (LTP) and long-term depression (LTD), cellular and molecular substrates of learning and memory (Malenka and Bear, 2004) . However, the molecular mechanism that determines the polarity of the long-term synaptic plasticity facilitated by ACh is not clearly understood.
An increase in intracellular Ca 2ϩ via voltage-dependent Ca 2ϩ channels (VDCCs) and Ca 2ϩ -permeable NMDA receptors is one of the key determinants of the polarity of long-term synaptic plasticity (Lisman, 1989; Augustine et al., 2003) . Released Ca 2ϩ from intracellular stores also contributes to the induction of long-term synaptic plasticity in the cerebellar Purkinje and hippocampal pyramidal neurons (Finch and Augustine, 1998; Raymond and Redman, 2006) . In the hippocampal and neocortical pyramidal neurons, activation of mAChR evoked propagating Ca 2ϩ release from inositol 1,4,5-trisphosphate (IP 3 )-sensitive stores, assisted by an influx of extracellular Ca 2ϩ (Nakamura et al., 2000; Cho et al., 2008) . However, it has not been tested whether cholinergically mediated Ca 2ϩ release assisted by the influx of Ca 2ϩ contributes to the induction of long-term synaptic plasticity (Ross et al., 2005) . In hippocampal CA1 pyramidal neurons, propagating Ca 2ϩ release from IP 3 -sensitive stores evoked by puff-applied ACh alone induced long-term enhancement of NMDA and AMPA receptor-mediated transmission (Fernández de Sevilla et al., 2008; Fernández de Sevilla and Buño, 2010) , which was a "non-Hebbian" form of LTP, LTP IP3 , without correlated presynaptic and postsynaptic activities (Fernández de Sevilla et al., 2008) . Because the input specificity of LTP/LTD is crucial in the processing and storage of information and in pathway-specific changes of circuit dynamics (Giocomo and Hasselmo, 2007) , it is of prime interest to determine whether muscarinic LTP (LTPm) induced by Ca 2ϩ released from IP 3 -sensitive stores is input-specific.
Direct dendritic Ca 2ϩ imaging with local synaptic stimulation could resolve these questions. In the present study, we evoked Ca 2ϩ release from IP 3 -sensitive stores in a localized dendritic area with combined single-shock synaptic stimulation near dendritic trees and cholinergic activation in layer 2/3 pyramidal neurons of the visual cortex. We found that the resulting LTP was input-specific and protein synthesis-dependent. Furthermore, the induction of LTP under mAChR activation was dendritic compartment-specific. Thus, muscarinic cholinergic activation might confer a long-term change in visual cortical circuit dynamics in a pathway-specific manner.
Materials and Methods
Slice preparation. Animal care and surgical procedures were conducted with the approval of the Ethics Committee of the Catholic University of Korea and were consistent with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Postnatal day 21-27 Sprague Dawley rats of either sex (Orientbio) were anesthetized with chloral hydrate (400 mg/kg, i.p.) before decapitation. Coronal slices (300 m thick) of primary visual cortex were prepared as described previously (Cho et al., 2008) in ice-cold artificial CSF (ACSF) containing the following (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 1 CaCl 2 , 2 MgSO 4 , and 10 D-glucose. This ACSF was aerated with a mixture of 95% O 2 and 5% CO 2 , and allowed to recover at 37°C for 30 min. The slices were then left at room temperature (22-24°C) no longer than 5 h, until recordings were performed. The slices were transferred to the recording chamber and superfused continuously (1.5 ml/min) with the same solution, except for 2 mM CaCl 2 and 1 mM MgSO 4 . All recordings were performed at 31-32°C.
Whole-cell patch clamp. A standard whole-cell patch-clamp technique with a bridge amplifier (BVC-700A, Dagan) was used to record the membrane potential. The patch electrodes (4 -6 M⍀) were pulled from borosilicate glass and filled with a solution containing the following (in mM): 130 K-gluconate, 10 KCl, 3 Mg-ATP, 10 Na 2 -phosphocreatine, 0.3 Na 3 -GTP, and 10 HEPES (pH 7.25/KOH), supplemented with 50 M Oregon Green 488 BAPTA-1 (OGB-1; K d ϭ 170 nM; Invitrogen) and 25 M Alexa Fluor 594 (Invitrogen) as a Ca 2ϩ -sensitive indicator to monitor Ca 2ϩ concentration changes and a Ca 2ϩ -insensitive indicator to visualize thin dendritic structure, respectively. Pyramidal neurons in layer 2/3 of the primary visual cortex were recorded using infrared-differential interference contrast video-microscopy with an upright microscope (BX51-WI fitted with a 40ϫ/0.80 NA water-immersion objective, Olympus). Their regular spiking patterns and the morphology of the bifurcated apical dendrites were confirmed. Access resistance was 12.7 Ϯ 0.4 M⍀ (n ϭ 12) as determined from the settings of the bridge balance in experiments. Membrane potentials were not corrected for ϳ14 mV junction potential. Command generation, data acquisition, and analyses were performed using the pClamp 9.2 Suite software (Molecular Devices). Data were filtered at 5 kHz, sampled at 20 kHz, and saved to a computer hard drive (Pentium PC).
Cells were used when the membrane potential was sufficiently negative (Ϫ76.8 Ϯ 0.7 mV, n ϭ 52). When carbachol (CCh) or muscarine was present in the bath solution, cells were depolarized by 5-7 mV as shown in our previous study (Cho et al., 2010) . For local dendritic Ca 2ϩ transients evoked by subthreshold synaptic stimulation, action potential (AP) firing was prevented by offsetting the depolarization with a hyperpolarizing current injection via the recording pipette. For local synaptic stimulation of pyramidal neurons, another patch electrode was filled with ACSF and 50 M Alexa Fluor 594 and positioned near the dendritic tree of interest (10 m from dendrite). EPSP was evoked by a brief square current pulse (0.1 ms) with a constant-current isolation unit (A360, World Precision Instruments). In some experiments, EPSP was evoked by stimulation at underlying layer 4 using a concentric bipolar stimulating electrode (100 m in diameter, SNE-100, David Kopf, Tujunga, CA). Long-term changes in the EPSP amplitude were monitored at 0.05 Hz.
After acquisition of stable baseline EPSPs (5-8 mV) for 10 min, muscarine (20 M) was applied to the bath solution for 5-6 min while synaptic stimulation was continuously delivered. A single electric shock evoking Ͼ20 mV EPSP was applied at the end of bath application of muscarine. In some experiments, a burst (3 shocks at 40 or 100 Hz) evoking Ͼ20 mV EPSP was applied instead of a single shock. The peak amplitude of the EPSP was measured at 30 -40 min after washout of muscarine and compared with that of the baseline EPSP. D(Ϫ)-2-amino-5-phosphonopentanoic acid (D-AP5) and anisomycin were applied 10 and 30 min before the baseline recording, respectively, and then washed out with muscarine from the bath. Membrane input resistance was measured by a hyperpolarizing response of ϳ5-10 mV from the membrane potential with a negative step current injection into the soma (50 pA, 150 ms). Ca 2ϩ imaging. Ca 2ϩ fluorescence imaging was performed by laserscanning confocal microscopy (FV-300, Olympus). Lights from an argon ion laser (488 nm) and a HeNe laser (543 nm) were used for excitation of OGB-1 and Alexa Fluor 594, respectively, and the emitting fluorescence was filtered using long-pass filters (510 nm and 610 nm, respectively). The glass-stimulating electrode was visualized with the aid of the fluorescence signal of Alexa Fluor 594 in the stimulus electrode. The laser intensity for excitation of the indicator was adjusted to minimize phototoxic damage. Dendritic Ca 2ϩ transients were evoked by synaptic stimulation with a brief square current pulse (0.1 ms) to the stimulus electrode, or by somatic APs generated by current injection (10 ms) into the soma. The fluorescence signal was obtained by using an area-scan mode (every 17-24 ms). Dendritic areas (5-10 m in length) were averaged for the area-scanned data. The distance of the measured dendritic area from the soma was calculated from the center of the soma. Fluorescence signals were background-corrected and traces were expressed as the relative change in fluorescence [⌬F/F 0 ϭ (F Ϫ F 0 )/F 0 ], where F 0 was the background-corrected prestimulus fluorescence. The peak amplitude of the Ca 2ϩ transients was determined at the largest ⌬F/F 0 value of the transients.
Drugs. D-AP5, 6,7-dinitroquinoxaline-2,3-dione (DNQX) disodium salt, and anisomycin were obtained from Tocris Bioscience. CCh, atropine, muscarine, and all other chemicals were purchased from SigmaAldrich. Anisomycin was dissolved in DMSO (0.1%). Inclusion of DMSO at this concentration to ACSF had no effect on the amplitude of EPSP (101.3 Ϯ 2.7% of the baseline, n ϭ 3, p ϭ 0.65).
Statistics. All data are expressed as the mean Ϯ SEM. A Student's t test was used for statistical comparisons, unless otherwise specified. For multiple comparisons, we used ANOVA (or repeated-measures ANOVA, where appropriate). A p value of Ͻ0.05 was considered statistically significant.
Results

Synaptic stimulation evoked secondary Ca
2؉ transients under carbachol application To examine the role of synaptically activated Ca 2ϩ release from internal stores on the induction of long-term synaptic plasticity, we initially examined whether a localized synaptic stimulation could evoke the secondary Ca 2ϩ transients under cholinergic stimulation in layer 2/3 pyramidal neurons. A single extracellular electrical shock was applied via a glass electrode located ϳ10 m from the shaft of basal dendrites (65.9 Ϯ 2.4 m from the soma, n ϭ 45) (Fig. 1 A) . In normal ACSF, increasing the stimulus intensity gradually increased the amplitude of EPSPs reaching the suprathreshold level, resulting in the generation of a single AP (Fig. 1 B) . Simultaneous Ca 2ϩ imaging in a nearby dendritic shaft also showed gradual increases in the amplitude of initial fast Ca 2ϩ transients (CaT1). A bath application of CCh (20 M) reduced the EPSP amplitudes by 40.9 Ϯ 3.3% (n ϭ 13, p Ͻ 0.001) without changing peak time (8.0 Ϯ 0.5 ms to 7.8 Ϯ 0.7 ms, p ϭ 0.73) and decay time constant (42.4 Ϯ 3.5 ms to 39.4 Ϯ 3.8 ms, p ϭ 0.23) of EPSP. Membrane resistance (172 Ϯ 14 M⍀ to 172 Ϯ 13 M⍀, p ϭ 0.96) and membrane time constant (26.2 Ϯ 1.2 ms to 26.0 Ϯ 1.5 ms, p ϭ 0.89) were not changed by the application of CCh. The reduced synaptic transmission appears to be caused by presynaptic inhibition of glutamate release with mAChR activation (Gil et al., 1997; Qian and Saggau, 1997) . The amplitude of Ca 2ϩ transients was reduced similarly to that of EPSP ( Fig. 1 B-D) . The stimulus intensities that evoked EPSPs of 20 mV with the application of CCh (148.7 Ϯ 13.5 A, n ϭ 13) were ϳ1.4 times higher than those in normal ACSF (106.6 Ϯ 10.2 A) (Fig. 1C) . The amplitude of CaT1 was dependent on the amplitude of EPSP, regardless of the application of CCh (Fig. 1 D) . However, stimulation at intensities evoking EPSPs of Ͼ20 mV with the application of CCh evoked slow secondary Ca 2ϩ transients (CaT2) following the CaT1 (Fig. 1 B, D) . The CaT2 component was isolated by subtracting the CaT1 from the total fluorescence changes ( Fig. 1 F1,F2 ), since the decay time constants of CaT1 were changed neither by the application of CCh in each cell (362 Ϯ 32 ms and 392 Ϯ 48, respectively, n ϭ 11, p ϭ 0.30) nor by the amplitude of CaT1 (r 2 Ͻ 0.001 and r 2 ϭ 0.003 in control and with the application of CCh, respectively) ( Fig. 1 F3) . The amplitude of the CaT2 (1.57 Ϯ 0.13 ⌬F/F 0 ) correlated with the amplitude of the CaT1 (1.46 Ϯ 0.19 ⌬F/F 0 , r 2 ϭ 0.786, n ϭ 13, p Ͻ 0.001) (Fig. 1 E) . The time of peak amplitude of CaT2 was distributed from 46 ms to 2.54 s after the peak of CaT1 (n ϭ 56). These results indicate that, under cholinergic stimulation, subthreshold synaptic stimulation evokes secondary dendritic CaT2 in visual cortical pyramidal neurons.
NMDA receptors and IP 3 -sensitive stores are responsible for CaT2
In the following experiments, we investigated which Ca 2ϩ source is responsible for the Ca 2ϩ transients. The application of D-AP5 (50 M), an NMDA receptor blocker, diminished CaT1 to 4.2 Ϯ 1.0% of the control (n ϭ 10) and abolished CaT2 (Fig. 2 A) . Coapplication of the AMPA receptor blocker DNQX (20 M), in addition to D-AP5, abolished the remaining small increase in the initial Ca 2ϩ transients. However, neither CaT1 ( p ϭ 0.81, ANOVA) nor CaT2 ( p ϭ 0.91, ANOVA) was affected by the inclusion of the T-type and R-type VDCC blocker Ni 2ϩ (50 M, n ϭ 3), the L-type VDCC blocker nimodipine (10 M, n ϭ 3), or both (n ϭ 3) in the ACSF (Fig. 2 B) . Thus, CaT1 evoked by a single-shock synaptic stimulation was due to the influx of extracellular Ca 2ϩ , mostly via NMDA receptors. The remaining small proportion of CaT1 might have been elicited by the activation of VDCCs and/or Ca 2ϩ -permeable AMPA receptors (Kumar et al., 2002) . These results also indicated that EPSP and CaT1 evoked by electrical stimulation near the dendritic tree in the present study were of synaptic origin (Holthoff et al., 2004) .
Since the influx of extracellular Ca 2ϩ via VDCCs evoked a secondary release of Ca 2ϩ from IP 3 -sensitive stores, which were primed by the activation of mAChR (Nakamura et al., 2000; Larkum et al., 2003; Cho et al., 2008) , the CaT2 evoked by synaptic stimulation and muscarinic activation appeared to be a release from IP 3 -sensitive stores. We examined this mechanism in the next experiment (Fig. 3 ). CaT2 was abolished by the broadspectrum mAChR blocker atropine (1 M) (0.05 Ϯ 0.03 ⌬F/F 0 , n ϭ 5, p Ͻ 0.01) or the specific M1 receptor blocker pirenzepine (1 M; 0.07 Ϯ 0.05 ⌬F/F 0 , n ϭ 3, p Ͻ 0.01) in the bath solution. Inclusion of the IP 3 receptor blocker heparin (1 mg/ml) in the pipette solution also abolished the CaT2 (0.02 Ϯ 0.01 ⌬F/F 0 , n ϭ 3, p Ͻ 0.01). In contrast, the nicotinic AChR blocker mecamylamine (30 M) or the ryanodine receptor blocker ruthenium red (50 M) failed to inhibit the CaT2 (1.24 Ϯ 0.06 ⌬F/F 0 , n ϭ 4, p ϭ 0.21; 1.26 Ϯ 0.16 ⌬F/F 0 , n ϭ 4, p ϭ 0.77; respectively). Thus, we confirmed that an influx of extracellular Ca 2ϩ through NMDA receptors evoked by synaptic stimulation induces Ca 2ϩ release from IP 3 -sensitive stores primed by the activation of M1 mAChR. We did not notice any apparent step-like increase in the amplitude of EPSPs, "NMDA spikes," or "Ca 2ϩ spikes," even up to the stimulus intensities generating an AP, which have been reported in other studies (Schiller et different layers or the lack of inhibition of inhibitory neurotransmission in our experiment.
Spatial profile of secondary Ca
2؉ transients evoked by activation of multiple synapses The strong single-shock stimulation appeared to be efficient in recruiting spatially clustered multiple synapses, and thus in summating the intracellular Ca 2ϩ levels to a certain threshold for release from IP 3 -sensitive stores (Nakamura et al., 2000) , in a local dendritic area in a brief time window (Holthoff et al., 2004) . The graded Ca 2ϩ influx as the intensity of a single electric shock was increased, as shown in Figure 1 , suggested that the focal stimulation activated multiple synapses. We examined Ca 2ϩ signals in multiple spines and dendritic areas in the next experiment. To efficiently detect the fluorescence signal in spines, Ca 2ϩ transients were evoked by two EPSPs (40 Hz) in the presence of a higher concentration of OGB-1 (200 M) in the pipette solution. Focal electrical stimulation elicited Ca 2ϩ transients in multiple spines near the stimulus pipette and the parent dendrite (Fig.  4 A, B) . The extent of Ca 2ϩ release from IP 3 -sensitive stores evoked by synaptic stimulation was analyzed by examining the spatial profile of CaT2 (Fig. 5) . With the application of CCh, EPSP-evoked transients in the presence of blockers. Atropine (1 M, n ϭ 5), pirenzepine (n ϭ 3, data not shown), and mecamylamine (30 M, n ϭ 4) were applied to the bath solution. Heparin (1 mg/ml, n ϭ 3) and ruthenium red (50 M, n ϭ 4) were in the pipette solution. EPSP of Ͼϳ20 mV amplitude by a single-shock synaptic stimulation was applied to evoke CaT2. B, Summary plot for the effect of blockers. **p Ͻ 0.01, compared with CCh.
CaT1 extended up to 20 m proximally and distally from the site exhibiting maximal amplitude (SD ϭ 8.1 m, n ϭ 5), while CaT2 extended up to 10 m in both directions (SD ϭ 5.0 m), a smaller extension than the CaT1 (p Ͻ 0.001, repeatedmeasures ANOVA) (Fig. 5C ). The spatial extent of CaT1 evoked by single EPSP in the present experiment was larger than that evoked by repetitive stimulation of single spine in bitufted interneurons in vitro (Kaiser et al., 2004) or in visual cortical pyramidal neurons in vivo (Jia et al., 2010) , which also suggested that strong synaptic stimulation activated multiple spines. To investigate the involvement of Ca 2ϩ influx via VDCCs on the release of Ca 2ϩ , we also examined the spatial profile of Ca 2ϩ transients evoked by combined synaptic stimulation and somatic AP. The spatial profile of CaT2 was not changed by pairing EPSP with somatic AP (ϩ10 ms interval, SD ϭ 4.2 m, p ϭ 0.84), despite widespread and larger elevation in the initial intracellular Ca 2ϩ increases with the contribution of the activation of VDCCs (Fig. 5D) . These results indicate that Ca 2ϩ release from IP 3 -sensitive stores is localized to the activated dendritic areas, which might induce input-specific changes in certain functions dependent on the increase in intracellular Ca 2ϩ .
Muscarinic control of the polarity of long-term synaptic plasticity Ca 2ϩ influx caused by either backpropagating AP or synaptic activation evokes Ca 2ϩ release from IP 3 -sensitive stores primed by metabotropic receptor activation in pyramidal neurons of the hippocampus and the neocortex (Larkum et al., 2003) . However, their functional roles in longterm synaptic plasticity have not yet been demonstrated. We addressed this issue in the next experiment. During the baseline recording, occasional Ca 2ϩ imaging showed no detectable increases in fluorescence in dendritic areas (Fig. 6 B1) . At the end of the bath application of muscarine (20 M) for 5 min, a single-shock electrical stimulation (SES) was applied to evoke Ͼ20 mV EPSP and CaT2 in basal dendrites. SES at a stimulus intensity that was 1.4 times higher than that evoking a 20 mV EPSP in normal ACSF evoked the same EPSP amplitude in the presence of CCh (Fig. 1C) . Thus the intensity of the SES was set 1.4 times higher than that which evoked 20 mV EPSP in a normal ACSF, which was taken before the recording of the test EPSP. The SES evoked CaT2 in basal dendrites in 12 of 19 cells. EPSP amplitude invariably reached a potentiated level (144.5 Ϯ 6.2, n ϭ 12, p Ͻ 0.001) in cells showing CaT2 (Fig. 6 A,B2,E) . However, synaptic responses remained depressed when CaT2 was not evoked in some cells despite SES (60.9 Ϯ 5.4%, n ϭ 7, p Ͻ 0.001), or when no SES was applied during the application of muscarine (51.8 Ϯ 3.7%, n ϭ 8, p Ͻ 0.001) (Fig. 6 A, D) . In some cells (n ϭ 3), we applied a single burst (3 shocks at either 40 or 100 Hz) evoking summated EPSP of ϳ20 mV, instead of SES, which also evoked CaT2 (1.59 Ϯ 0.20 ⌬F/F 0 ) (Fig. 6 B3) and LTP in all three cells tested (132.6 Ϯ 8.1%, p Ͻ 0.05). Neither CaT2 nor LTP was induced when heparin (1 mg/ml) was included in the pipette solution. Rather, EPSP remained at the depressed level (59.4 Ϯ 7.2%, n ϭ 5, p Ͻ 0.01).
LTD induced by the application of muscarine without SES was not affected by the inclusion of heparin in the pipette solution (52.3 Ϯ 3.2% of the baseline, n ϭ 3, p Ͻ 0.01). However, the application of D-AP5 (50 M) inhibited LTD induced by the application of muscarine without the SES (92.5 Ϯ 4.8%, n ϭ 8, p ϭ 0.15), as well as LTP induced by muscarine application with SES (96.1 Ϯ 2.6%, n ϭ 6, p ϭ 0.19). Inclusion of the high-affinity Ca 2ϩ chelator BAPTA in the pipette solution (10 mM) blocked both LTP induced by combined SES and muscarine (101.7 Ϯ 0.9%, n ϭ 4, p ϭ 0.15) and LTD induced by muscarine alone (98.1 Ϯ 0.6%, n ϭ 4, p ϭ 0.15).
These results demonstrate that Ca 2ϩ released from IP 3 -sensitive stores is necessary and specific for the induction of LTPm. However, the magnitude of LTPm was not correlated with the peak amplitude (r 2 Ͻ 0.001, n ϭ 12, p ϭ 0.99) (Fig. 6 E) or with the integrated increase in fluorescence of CaT2 (r 2 ϭ 0.032, p ϭ 0.56). These imply that the release of Ca 2ϩ may trigger downstream signaling pathways in an all-or-none fashion and the magnitude of LTP may depend on the proportion of the activated synapses in the local dendritic area to all the activated synapses. On the other hand, the increase in Ca 2ϩ through NMDA receptors efficiently induced muscarinic LTD (LTDm), which was reported previously in the rat visual cortex (Kirkwood et al., 1999) .
Because 20 M ACh or muscarine might not be physiologically relevant (Shinoe et al., 2005) , we examined the effect of a lower concentration of muscarine on CaT2 and LTPm. Neither CaT2 nor LTPm/LTDm (100.9 Ϯ 1.7%, n ϭ 4, p ϭ 0.64) was induced by SES in the presence of 0.1 M muscarine. However, SES evoked CaT2 (1.75 Ϯ 0.18 ⌬F/F 0 , n ϭ 2) and LTPm (135.8 Ϯ 15.5%, p ϭ 0.26) in the presence of 1 M muscarine in two of five cells. These results suggest that a much lower level of ACh, and thus a more physiologically relevant level of ACh, could evoke CaT2 and LTPm. We further tested whether a synaptically activated Ca 2ϩ release and LTP could be evoked upon the activation of metabotropic glutamate receptors (mGluRs) instead of mAChRs (Ross et al., 2005) . SES applied at the end of a 5 min application of the mGluR agonist trans-1-amino-1,3-cyclopentyldicarboxylate (t-ACPD, 15 M) evoked CaT2 (0.83 Ϯ 0.18 ⌬F/F 0 , n ϭ 3) and LTP (142.9 Ϯ 9.4%, p Ͻ 0.05) in three of five cells. This result suggests that activation of mGluR might be synergistic with the activation of mAChR in the induction of CaT2 and LTP (Volk et al., 2007) , and thus would reduce the required concentration of ACh for LTPm. However, this conclusion remains to be tested.
Muscarinic activation confers input-specific and protein synthesis-dependent forms of LTP and LTD
Because Ca 2ϩ released from IP 3 -sensitive stores was confined to highly localized dendritic areas, we next examined input specificity in the induction of LTPm and LTDm. To this end, we positioned another stimulus electrode in underlying layer 4, ϳ250 m away from the recorded cell, through which electrical stimulation was alternately applied (Fig. 7A) . In this set of cells, SES applied via the glass electrode near basal dendrites during muscarinic stimulation induced CaT2 (1.07 Ϯ 0.20 ⌬F/F 0 ) (Fig. 7B2) and LTPm (155.0 Ϯ 2.3%, n ϭ 4, p Ͻ 0.001). Meanwhile, in this same set of cells, EPSP exhibited LTDm after being continuously evoked during the application of muscarine by electrical stimulation of layer 4 at the test intensity with the tungsten electrode (66.1 Ϯ 6.7%, n ϭ 4, p Ͻ 0.05) (Fig. 7B3) . During stimulation of layer 4, we found no Ca 2ϩ transients in the dendritic area showing Ca 2ϩ transients with SES. These results indicated that LTPm was input-specific, which might result from localized Ca 2ϩ release in dendrites. We further examined the synaptic activity de- pendence of LTDm. The test stimulation to layer 4 was turned off during the application of muscarine and then turned on 10 min after washout of muscarine (Fig.  7C1) , and LTDm was not induced (106.3 Ϯ 6.8%, n ϭ 4, p ϭ 0.21) (Fig.  7C3 ). SES applied to the basal dendriteinduced CaT2 (0.94 Ϯ 0.08 ⌬F/F 0 ) (Fig.  7C2) and LTPm (Fig. 7C1,C3 ) in these cells. This result indicates that presynaptic activity is required for the induction of LTDm (Kirkwood et al., 1999) . The experimental configuration used by Kirkwood et al. (1999) is similar to the stimulation of layer 4 in the present study, showing only LTDm. The stimulation of layer 4 would stimulate distributed synapses in layer 2/3 pyramidal neurons, in which CaT2 might be barely evoked by single shock because a large influx of Ca 2ϩ via NMDA receptors in spatially clustered multiple synapses appeared to be required to trigger the release of Ca 2ϩ from IP 3 -sensitive stores, as shown in Figure 4 .
Synthesis of new proteins is required for several forms of long-term synaptic plasticity, including muscarinic receptordependent LTD in the visual cortex (McCoy and McMahon, 2007) , the perirhinal cortex (Massey et al., 2001) , and the hippocampus (Volk et al., 2007 ). Thus, we tested whether LTPm and LTDm were protein synthesis-dependent in our experimental model (Fig. 7D) . Application of the protein synthesis inhibitor anisomycin (25 M) abolished SESinduced LTPm (100.5 Ϯ 1.7%, n ϭ 4, p ϭ 0.81) and LTDm (99.7 Ϯ 1.0%, n ϭ 4, p ϭ 0.79) (Fig. 7D1,D3) , while the CaT2 remained unchanged (1.57 Ϯ 0.20 ⌬F/F 0 ) (Fig. 7D2) . Treatment of anisomycin revealed that protein synthesis-dependent LTPm and LTDm were rapidly induced within 15 min (Fig. 7D1) , which might be faster when the time for washout of CCh is taken into consideration. Rapid dendritic protein synthesis and expression of LTD by the activation of mGluR and mAChR have been reported in different brain areas (Huber et al., 2000; Mameli et al., 2007; Volk et al., 2007) . In a study by McCoy and McMahon (2007) , the expression of protein synthesis-dependent LTDm an hour after the induction might have been a result of the transport of new proteins from the soma, which was suggested in L-type Ca 2ϩ channeldependent LTP (Raymond, 2007) . Thus, Ca 2ϩ released from intracellular stores (CaT2) and Ca 2ϩ entering via NMDA receptors (CaT1) only induced LTPm and LTDm, respectively, if protein synthesis was not impaired. Together, these results indicate that muscarinic activation confers input-specific, activity-dependent, and protein synthesis-dependent (i.e., late-phase) LTP and LTD in layer 2/3 pyramidal neurons of the visual cortex.
Dendritic domain-dependent muscarinic modulation
It is hypothesized that ACh changes circuit dynamics by regulating the relative influence of afferent input and excitatory feedback (Giocomo and Hasselmo, 2007) . Thus, we next examined Ca 2ϩ signals in distal apical dendrites, which receive input from nonspecific thalamic nuclei, from ascending collaterals of nearby pyramidal cells, and from feedback projections originating in higher cortical areas (Petreanu et al., 2009 ). Synaptic activation with SES in the vicinity of distal apical dendrites in layer 1 (169.1 Ϯ 10.7 m from the soma, n ϭ 14) could evoke Ͼ20 mV EPSP at an intensity (112.0 Ϯ 12.9 A) similar to that in basal dendrites (104.9 Ϯ 6.9 A, n ϭ 22, p ϭ 0.64). In contrast with the basal dendrites (Fig. 8C) , SES never induced CaT2, even at suprathreshold intensities under muscarinic stimulation (n ϭ 14), while the amplitude of CaT1 (1.27 Ϯ 0.20 ⌬F/F 0 ) was similar to that found in the basal dendrites (Fig. 8 A) . Test EPSPs evoked by stimulation of distal apical dendrites in layer 1 (Fig. 8 E) were depressed by the application of muscarine (Fig. 8 D) , similar to the response evoked in basal dendrites, as shown in Figure 1 . Consistent with the lack of a CaT2 in distal apical dendrites (Fig.  8 A, F ) , the only observed long-term modification was LTDm (with SES: 60.2 Ϯ 8.6%, n ϭ 5, p Ͻ 0.01; without SES: 56.3 Ϯ 4.5%, n ϭ 4, p Ͻ 0.001; respectively) (Fig. 8G) . This further supports the notion that LTPm induction requires liberation of Ca 2ϩ from intracellular stores and, in addition, suggests an uneven distribution of IP 3 -sensitive stores in different dendritic do- , and a burst (B3). A control recording was taken before the EPSP recording. C, Summary plot for LTP induction by SES (n ϭ 12) and in the presence of D-AP5 (n ϭ 6). BAPTA (n ϭ 4) or heparin (n ϭ 5) was included in the pipette solution. LTP induced by the application of a burst (n ϭ 3) instead of the SES is also shown. D, Summary plot for LTD induction. Continuous stimulation at the test intensity was applied during muscarinic stimulation without SES (n ϭ 8) and in the presence of D-AP5 (n ϭ 8), BAPTA (n ϭ 4), or heparin (n ϭ 3). E, Relationship between CaT2 amplitude and the magnitude of LTPm. A fitted line is also shown. *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001, compared with the baseline recording, respectively.
mains (Hertle and Yeckel, 2007) . When SES was applied in the vicinity of proximal apical dendrites (24.4 Ϯ 3.4 m from the soma, n ϭ 5), it only evoked CaT2 when it co-occurred with a somatic AP (10 ms after SES) (Fig. 8 B) . We did not test for LTP/LTD in this dendritic compartment. These results suggest that cholinergic stimulation might modulate long-term synaptic transmission in input-specific and, thus, pathway-specific manners in layer 2/3 pyramidal neurons.
Discussion
Localized Ca 2؉ release from IP 3 -sensitive stores In previous reports, Ca 2ϩ release from IP 3 -sensitive stores was widely distributed in the dendrite and propagated into the soma in many brain areas (Nakamura et al., 1999; Larkum et al., 2003; Power and Sah, 2007; Fernández de Sevilla et al., 2008; Hagenston et al., 2008) . In the present study, with multiple synaptic activation in a localized dendritic area and with muscarinic activation, we found highly localized release of Ca 2ϩ in the dendrite within 10 m of the stimulated areas, while the initial Ca 2ϩ influx via NMDA receptors was restricted to within 20 m. While activation of the muscarinic receptors by itself evoked a propagating Ca 2ϩ wave in basolateral amygdala neurons (Power and Sah, 2007) and in CA1 pyramidal neurons (Fernández de Sevilla et al., 2008) , an influx of extracellular Ca 2ϩ appears to be required to evoke release of Ca 2ϩ by bath-application of CCh in neocortical pyramidal cells (Larkum et al., 2003) . We noticed no significant increase in the baseline fluorescence intensity upon CCh application alone in the present study and in a previous study (Cho et al., 2008) . Immunoreactivity for mAChR is lower in layer 2/3 neocortical pyramidal neurons than in layer 5 or in CA1 pyramidal neurons (van der Zee and Luiten, 1999) . The density of IP 3 receptors is highest in the soma and the proximal apical dendrites (Fitzpatrick et al., 2009) . Thus, the extent of Ca 2ϩ release with cholinergic stimulation appears to be dependent on the local distribution and density of muscarinic and IP 3 receptors in many brain areas.
The influx of extracellular Ca 2ϩ via either VDCCs or NMDA receptors caused the release of Ca 2ϩ from the IP 3 -sensitive stores in cortical pyramidal neurons (Nakamura et al., 2000; Power and Sah, 2002; Larkum et al., 2003; Cho et al., 2008) . In the present study, the release evoked by SES under muscarinic stimulation was triggered by the influx of extracellular Ca 2ϩ , mostly via NMDA receptors, based on (1) the results with blockers of VDCCs and NMDA receptors (Fig. 2) and (2) similar spatial profiles of CaT2 regardless of combined stimulation with an additional somatic AP (Fig. 5) . Ruthenium red failed to block NMDA receptordependent dendritic CaT1 (Fig. 2) , which indicates that NMDA receptors are the source of the spine Ca 2ϩ signal evoked by synaptic stimulation. These results agree with previous reports concerning NMDA receptor-dependent dendritic CaT1 (Sabatini et al., 2001; Raymond and Redman, 2006) , but contrast with results associated with ryanodine receptor-dependent Ca 2ϩ transients in dendritic spines in organotypic hippocampal cultures (Emptage et al., 1999) . The delayed appearance of dendritic CaT2 in the present study might have been the result of the diffusion of Ca 2ϩ from NMDA receptors in spines to the IP 3 receptors in dendrites, which might explain the difference with nondelayed Ca 2ϩ release in spines (Emptage et al., 1999) . Additionally, a single somatic AP in the proximal apical dendrite evoked CaT2 (Fig. 8 B) . The signaling microdomain for Ca 2ϩ release triggered by the influx of extracellular Ca 2ϩ and its role in long-term synaptic plasticity in different dendritic areas remains to be studied.
Muscarinic control of polarity of long-term synaptic plasticity
The dynamics and magnitude of increase in intracellular Ca 2ϩ are the major determinants of the polarity of long-term synaptic plasticity (Lisman, 1989; Artola and Singer, 1993) . As with the influx of extracellular Ca 2ϩ , the release of Ca 2ϩ from intracellular stores is also critical for the regulation of cellular responses, such as protein phosphorylation in the spine, local protein synthesis in dendrites, and gene expression in the soma (Augustine et al., 2003; Raymond, 2007) . We demonstrated in the present study that Ca 2ϩ release from IP 3 -sensitive stores was a prerequisite for inducting LTPm and blocking the secondary Ca 2ϩ release with intracellular heparin-converted LTPm to LTDm. IP 3 -mediated Ca 2ϩ release is involved in LTP in some experimental conditions (Raymond and Redman, 2006; Fernández de Sevilla et al., 2008) . However, it is also involved in the induction of mGluRdependent LTD in different experimental settings (Finch and Augustine, 1998; Bender et al., 2006; Holbro et al., 2009 ). Furthermore, in layer 2/3 pyramidal neurons of the somatosensory cortex, phospholipase C-dependent synthesis of endocannabinoid and presynaptic NMDA receptors mediates spike-timingdependent LTD, with (Bender et al., 2006) or without (Nevian and Sakmann, 2006 ) involvement of IP 3 -mediated Ca 2ϩ release. Although LTDm depends on protein synthesis, the involvement of endocannabinoid-mediated signaling in LTDm remains to be tested. Thus, enhanced influx of Ca 2ϩ via NMDA receptors is required for the cholinergic-mediated long-term modification of synaptic transmission. Then, an additional large increase in [Ca 2ϩ ]i via release from the IP 3 -sensitive stores induces LTPm. Thus, muscarinic activation might function as a detector for synaptic activities to be modified with the differential nature of the increase in [Ca 2ϩ ]i in neocortical pyramidal neurons.
Induction of late-phase LTPm and LTDm
In the present study, we demonstrated that LTPm was protein synthesis-dependent. Combined activation of muscarinic and NMDA receptors induced protein synthesis in dendrites of hippocampal CA1 pyramidal neurons in vitro (Feig and Lipton, 1993) , and cholinergic-dependent late-phase LTP was inhibited by the translation inhibitor anisomycin in vivo (Dringenberg et al., 2004) . Release of Ca 2ϩ from endoplasmic reticulum (ER) might be the efficient signal for ER-bound ribosomes for translation of new proteins required specifically for late-phase LTP. However, LTDm induced by the increase in Ca 2ϩ via NMDA receptors was also protein synthesis-dependent in the present study. Thus, we speculate that subcellular localization and calcium sensitivity of each mRNA responsible for LTPm and LTDm might differ.
It is of interest that a burst (3 shocks), as well as SES without prolonged activation of synapses, induced late-phase LTPm under muscarinic activation. A single shock evoked LTD in mouse visual cortical pyramidal neurons (Holthoff et al., 2004) . With muscarinic activation, brief synaptic activation of clustered inputs in a localized dendritic area, as shown in Figure 4 , might efficiently induce protein synthesis-dependent late-phase LTP, which also supports the "clustered plasticity hypothesis" (Govindarajan et al., 2006 (Govindarajan et al., , 2011 . Stimulation of the medial septum evoked atropine-sensitive LTP in the hippocampal CA1 area (Fernández de Sevilla et al., 2008) . CaT2 and LTPm were also induced at a lower concentration of muscarine (1 M) in the present study. However, it remains to be seen whether synaptic release of endogenous ACh can cause these phenomena in vivo.
Long-term change of cortical circuit dynamics by acetylcholine Layer 2/3 pyramidal neurons appear to receive afferent and associative inputs largely in the basal and distal apical dendrites, respectively (Cauller and Connors, 1994; Petreanu et al., 2009) . In our previous studies, dendritic Ca 2ϩ influx by the backpropagation of somatic APs differs strikingly between basal and distal apical dendrites (Cho et al., 2006) and ACh modulates the Ca 2ϩ dynamics differentially in these domains (Cho et al., 2008) . In the present study, we demonstrated that muscarinic activation failed to induce LTPm in inputs to distal apical dendrites, as well as Ca 2ϩ release. High ACh levels in a wakeful state may strengthen forward transmission to set the appropriate dynamics for attention and encoding (Gais and Born, 2004; Giocomo and Hasselmo, 2007) . Thus, the study of preferential induction of late-phase LTP in inputs to basal dendrites may be helpful to gain new information.
For the formation of lasting memories, use-dependent strengthening of synaptic connections must be gated in a contextdependent and goal-dependent way. Lasting changes in synaptic gain should not occur in response to accidental local activities, such as might occur during computations that have not yet converged toward a result. A "now print" signal seems to be required, which only permits lasting modifications in response to activity patterns that have been identified as "meaningful" in a more global context. NMDA receptors could contribute to such a gating function as their voltage sensitivity makes them particularly responsive to coherence between feedforward signals and context-dependent horizontal and reentry inputs. The cholinergic projections could complement this gating function by adding more global, state-dependent criteria. The notion that learning is critically dependent on attention and expectancy, and that these functions involve cholinergic modulation, is in agreement with this possibility. Apart from the effect of ACh on the IP 3 -dependent Ca 2ϩ release described in this study, ACh also directly modulates network dynamics by facilitating and stabilizing gamma oscillations and reducing the variance of rate responses to sensory stimuli (Herculano-Houzel et al., 1999; Rodriguez et al., 2004 Rodriguez et al., , 2010 . These effects, too, could contribute to memory formation as they enhance signal-to-noise ratios and increase cooperativity and synchronous firing. The latter can be expected to facilitate NMDA receptor activation by generating large compound EPSPs in very much the same way as SES did in the present study. How the various effects of cholinergic modulation interact in sensory processing and memory formation awaits further clarification.
